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ABSTRACT  
In this work the thermooxidative stability of poly(methyl metacrylate) (PMMA) composites 
reinforced with silica micro and nanoparticles was studied. Different volume fractions 
and particles sizes of silica particles were used. PMMA/silica composites were analysed 
by thermogravimetry which simulated the conditions of thermooxidative degradation. 
The induction periods were determined using different heating rates and applying 
the isoconversional methods. The dependence of degradation temperatures on heating rates 
were used for the determination of adjustable parameters derived for four different 
temperature functions allowing the prediction of material stability (induction periods) 
at chosen temperatures. Results showed that the larger silica particles destabilized the PMMA 
structure while smallest nanoparticles at low concentration had no effect on the stability.  
 
 
 
 
ABSTRAKT 
Tato práce se zabývá studiem termooxidační stability kompozitů polymethylmethakrylátu 
(PMMA) plněného mikro a nanočásticemi siliky. V připravených vzorcích byly použity různé 
objemové zlomky a různé velikosti částic siliky. Studium stability bylo prováděno pomocí 
termogravimetrie, která umožňuje simulovat podmínky termooxidační degradace. Indukční 
perioda byla stanovena za použití různých rychlostí ohřevu a aplikací izokonverzních metod. 
Závislosti teplot degradací na rychlostech ohřevu sloužily pro určení parametrů odvozených 
ze čtyř různých teplotních funkcí, které dovolují předpověď stability materiálu (indukční 
periody) při zvoleném rozsahu teplot. Zjištěné výsledky ukazují, že větší částice siliky snižuji 
stabilitu PMMA, zatímco nanočástice v nízkých koncentracích ji nijak neovlivňují. 
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1. INTRODUCTION 
For many centuries, people have used composites without further study of their origin and 
properties. They utilized these reinforced materials only because they had better properties 
than materials used before. One of the first natural composites known and applied is the 
timber which consists of cellulose fibres mixed with lignin. The first man-made composite 
can be considered mud reinforced with straw used in brick making.  
Further significant increase in the use of composites can be seen in the twentieth century. 
Composites application is very wide ranging from aeronautical and aerospace application 
such as airplanes and spacecraft to sporting equipment such as skis and tennis racquets. These 
materials brought new benefits into polymer science such as mechanical, insulating 
properties, the contribution to fire retardation, application for long-term and/or outdoor use 
etc. [1].  
As any materials, also composites still have their weakness such as the demanding process 
manufacturing, lack of thermal and (photo)oxidative stability and low resistance to 
environmental degradation. To enhance their performance characteristics and at the same time 
mitigate some of their less desirable characteristics the combination of fillers and other 
reinforcing materials with plastics is tested [2].  
Kinetic analysis is one of the most important practical methods for prediction of composite 
stability or degradation. The main purpose of the kinetic analysis is to parameterize the 
process rate in terms of such variables as the temperature, the extent of conversion etc. The 
estimating of lifetime belongs among the most common way of quantifying the process 
kinetics. The lifetime of a material is defined as time after which the material loses its 
properties to such extent that it cannot fulfil efficiently the function for which it is created for 
[3].  
 
The objective of this work is to shed light on the drawback in the application of PMMA 
composites from the point of thermooxidative stability which is sometimes classified as the 
weakness in their application [1], [2]. Thermogravimetry is used for evaluation of their 
stability. Different mass fractions and particles sizes of silica particles were used in PMMA 
composites under study.  
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2. STATE OF THE ART 
2.1 General facts about composites  
During the evolution of human society people had to acquire skills in using different materials 
from stones, timber, iron, bronze or ceramic. All these experience were closely associated 
with growing of living standard since people wanted to fulfil their basic and later also 
additional daily requirements (sport equipment, medicine devices, and means of transports). 
Consequently the technique of processing new materials moved on the higher level. New 
materials opened up new possibilities and opportunities for people and human society could 
develop into the new “dimensions”. Development of composites also contributes global issue 
of humanity such as famine or worsening environment [1]. This active approach supports 
environmental protection (development of degradable materials, using of secondary raw 
materials, less energy-consuming production) and production of progressive materials. In 
principle, the characteristic properties of polymer composites define their use in construction 
applications such as limiting stiffness, strength, and heat resistance [2]. If the fibre or 
particulate reinforcement is added to the polymer or to resin, totally new unique groups of 
material are obtained. These materials usually combine mechanical properties of 
reinforcement with easy processing of polymer Nowadays the composites represent 
reinforced polymeric material which could be used in common life. This is the most 
significant reason why these materials are major field of study of different research groups 
[3]. 
Composite materials (= composites) are defined as a heterogeneous materials consisting of 
two or more distinct material components which differ to each other by mechanical, physical 
and chemical properties. Such material has different properties as compared with individual 
components [3]   
The first, continuous and more yielding component of composites is the matrix and the 
second tougher, stiffer component is discontinuous reinforcement. In general, the matrix has 
low strength and stiffness in comparison with reinforcement which is stiffer, stronger and 
more brittle [3]. The function of matrix is to bind the reinforcement in a desired distribution 
and orientation and to transmit the external loading to it through the reinforcement/matrix 
interface. Matrix also serves as a protection at the failure of reinforcement. The reinforcement 
in composites also helps to inhibit propagation of the bending crack on the interface of matrix 
and fibres or particles. Therefore the quality of interface between matrix and reinforcement 
has leading influence on the composite properties [2].  
The amount of the materials used for forming of composites is combined in a controlled way 
to achieve a mixture that has more useful behavioural characteristic than any of the 
constituents on their own. There exist different combinations of material used as matrix and 
material used as reinforcement for example combination of ceramic matrix and polymer fibre, 
ceramic matrix – ceramic fibre, polymer matrix – polymer fibre [2].  
The most important property of composites is synergism (Figure 1). That means that the 
properties of formed composites are better than the only sum the proportional properties of 
the single components [2]. This property is important due the fact that one can obtain totally 
new materials (for example ceramic matrix Al2O3 reinforced with ceramic fibres SiC) [2]. 
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Figure 1 The synergic behaviour of composites [1] 
 
2.1.1 Classification of composites 
Classification of composites is usually based on the different aspects.  
First division could be based on the geometric shapes of reinforcement (Figure 2): 
- particulate filled (reinforced) composites (PFC, PRC) – one dimension of 
reinforcement does not exceed the other ones, shapes of particles differ from spherical, 
lamellar, rod or irregular shape,  
- fibre reinforced composites (FRC) (with short or long fibres) – the fibres are bigger in 
one direction than in other ones. Fibres in FRC can be oriented in one direction 
(unidirectional) – short-fibred and long-fibred or randomly or oriented by two or more 
direction (multidirectional) [1], [2], [3], [4]. 
 
 
Figure 2 Division of composites according to the geometric shapes of reinforcement: (a) 
PFC, (b) FRC with short fibres,  (c) FRC with long fibres, (d) layered FRC [1] 
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Second subdivision can be based on the 3D spatial arrangement of reinforcement:   
- lamina - one layer of composite with thickness which can be neglected in comparison 
with two other dimensions, 
- plastic laminates - swapping of layers – with different mutual reinforcement orientation, 
fibres can be tangled to the mat forming layered structure (laminates with woven or non-
woven reinforcement, drawn or coiling profiles) [1], [2], [3]. 
Third criterion of classification of composites can be done according the types of used matrix 
in their compositions: 
- with metal matrix – typical feature is plasticity toughness, for example Al, Ti alloys, 
- with ceramic matrix – very tough and light material, but usually brittle, these materials 
are high-temperature ceramic materials, based on oxide (Al2O3) or non-oxide (SiC),  
- with polymeric matrix – low density materials which are used for air-plane 
constructions, disadvantages are low thermal stability, both thermoplastic and thermoset 
polymers and resins are used as matrix for polymeric composites [1], [2], [3].  
The last classification of composites (especially PRC) is based on size of used particles in 
composites: 
- macrocomposites – the size of particles in cross section is  in the range 10 - 100 mm, 
utilized in civil engineering (steel-reinforced concrete, multi-layered material, 
construction of pavements or roads), 
- microcomposites – they have the biggest importance in the industry, their size is 10-
100 m, they have lower density than metals and alloys,  
- nanocomposites – the size of particle in polymeric composites is in nanometres, 
nowadays they are of a great of scientific investigation [1], [2], [3]. 
 
2.1.2 Characteristic properties of matrix, reinforcement in composites  
The properties of both composite´s components can be divided from the point of view of 
construction demands: 
- instant properties – module of elasticity, strength, ductility, stiffness, impact resistance, 
- long-term properties –  creep, relaxation, aging under the stress. 
The choice of used matrix in the composite influences the processing technology and also the 
method of forming, material recycling and bonding of the components into the final product. 
Typical thermoplastic matrix representatives used in composites are polystyrene (PS), 
polypropylene (PP), polyethylene (PE), polycarbonates (PS), polyethylene terephthalate 
(PET) [1], [2]. They are used in particle reinforced composites. In contrary, epoxides, 
unsaturated polyesters or phenol-formaldehyde resin, are parts of fibre reinforced composites. 
Thermoplastic matrixes are characterized as the tough substances which melt and flow above 
the characteristic temperature, i.e. melting temperature by semicrystalline polymers, glass 
transition temperature by amorphous polymers. However, under above-mentioned 
temperatures they return again to the solid state. The thermosetting matrixes used in 
composites are for example epoxides, unsaturated polyesters, phenol-formaldehyde resin 
cured by chemical reaction which leads to three-dimensional polymeric network with 
different density. The curing process takes place either at room temperature or at increased 
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temperature. The cured material stays in the solid phase after the heating which increases the 
creep resistance and restrict recycling. The curing method influences the final thermoset 
property [3]. 
It is necessary to take into account the suitable choice of either fibre or particulate 
reinforcement for forming composites in order to reach the maximal improvement of required 
properties. Therefore resulted properties of polymeric composites are results of causing 
influences of more factors such as for example: 
- physical and chemical nature of filler or fibres (size, structure etc.), 
- physical and chemical nature of matrix, 
- amount of reinforcement, 
- techniques of preparation and manufacturing, 
- character of interphase line, 
- interaction on the interphase between polymer/polymer, polymer/reinforcement and 
reinforcement/reinforcement [2], [4]. 
 
FRCs are characterized by bigger tensile strength in y-axis in comparison with the 
conventional material in the solid state. These significant properties are caused by the 
orientation of fibres and by the orientation of the firm bonds in polymeric fibres due to the 
drawing. Fibres reduce probability and size of defects which could occur in composites. 
Anisotropy of properties is typical for fibres, the material strength and modulus of elasticity in 
axial are bigger than in normal direction to axis. The fibres in FRC are utilized for increasing 
of strength, stiffness and material toughness. The fibres used in FRC are either inorganic (C, 
B, W, alloys Al2O3, SiC or oxide glasses) or organic (polymeric bases such as aromatic 
polyamide, polyethylene) [1], [2], [3]. 
PRCs are often called filled polymers due the fact that scientist regarded the particles as 
additives (for example stabilizers, nucleation agents) due to the specific modification of 
properties of matrix. While the main role of additives is modification of processing and 
physical properties, the main task of filler is the improvement of mechanical properties [2]. 
Other fact is that the main role of filler is substitution of expensive polymers and reducing 
costs without affecting of resulted properties of material. For that reason, this terminology is 
confusing. The filled polymers have a wide area of applications such as e.g. chemical and 
biological sensors, biomedical applications, and packing material with possibility of colour 
reaction on the consuming of food, with controlled life-time, disposable textile, etc. The 
manufacturing process of PRC provides forming material with the useful properties on wide 
range of applications. PRCs are isotropic from the macroscopic point of view, i.e. their 
properties do not depend on the direction [3]. The advantages of PRC are low density, 
relatively low cost, inner colourability, acid and organic solvent resistance. These materials 
allow tailoring the material according to the customs requirements. The particulate fillers are 
utilized for increasing the hardness, abrasion resistance and the resistance for higher 
temperatures in PRC. PRC are still less used than FRC. As mentioned above, the filled 
polymers can be considered as PCR therefore the typical representatives are soot, CaCO3, 
mica, glass spheres, SiO2. In this context fillers have the additive function which affect the 
characteristic properties of material such as mechanical properties, resistance against fire, 
corrosion, aging, appearance and cost [1], [5].  
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The most important properties of polymeric composites are: 
- low  specific density at high value of mechanical properties, 
- high stiffness at the static and dynamic conditions, 
- corrosion resistance, 
- damping and insulting property (heat, electric),  
- very low conductance,  
- excellent dielectric properties, 
- zero attenuation of electromagnetic waves,  
- flexibility of shapes, 
- high shape stability, 
- easy construction, 
- minimal requirements for long-term maintenance [1], [2]. 
 
2.1.3 Manufacturing of composites 
The technology of both types of composites differ each other. The simplest laboratory 
syntheses of both types are based on mechanical mixing or linking of single components [2]. 
The technologies of FRC manufacture can be divided according to the shape of forming 
product: 
1. Single-end moulding 
- hand layup (open moulding process) –  the reinforcement and resin are manually inserted 
into the negative or positive form of different laminate shape and subsequently cured. 
Disadvantage of this process is that only one side of product has good-quality surface. 
- application of mixture of short-glass fibres and matrix into the form, following processes 
are moulding and curing [1],[3]. 
 
2. Double-end moulding 
- method of vacuum bag – this method is the same as hand layup but using of vacuum bag 
in the curing process allows to prepare materials with minimal content of air bubbles, 
- method of pressure bag – this method is the same as method of vacuum bag but the 
pressure sack is added, 
- curing in autoclave – this technology is only improved method of pressure sack when 
heat and pressure in closed autoclave are used for curing process, 
- filament winding – this method is done by winding of beam of damped fibres in resin on 
the circular form and it is cured by rotation,  
- resin transfer moulding – this method works with the closed form, the dry reinforcement 
(preform) is inserted to the form which is immediately closed and then the catalysed 
resin is injected to the form, the following curing is done at room temperature,  
- moulding in the form - it is used for mass production of FRC (bulk moulding compound,  
sheet moulding compound, thick moulding compound), all the components of future 
composites are mixed in the form where under the high temperature they melt and are 
filled to the form to the final shape product, 
- moulding from the pre-impregnated composite fibres – it contains the accurate ratio of 
resin and reinforcement in the shape of plate layers which are laid into the required form,  
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- pultrusion – it is a continuous process for manufacturing of composites with constant 
cross-section, 
- centrifugal casting  – its principle is impacting of centrifugal force, the resin is deposited 
on the fibers by centrifugal force during the rotation of form [2], [3]. 
In practise, different ways of manufacturing technology of PRC are used, all of them employ 
the mixing of polymeric matrix with particles in continuous blender. At the beginning of 
preparation it is necessary to prepare required size of particles by milling of inorganic 
substances [2], [3]. 
 The most common methods of preparation of PRC in practise are mentioned below [5] : 
- solution method – is based on dissolution of polymers in adequate solvent with 
particles as suspension or powdered ones and followed by the evaporation of solvent,  
- intercalation – the polymer is melted and mixed with filler at the same time during the 
processing in extruder, this method is mostly used in technological practise, 
- in-situ polymerisation - particles are dispersed in liquid monomer solution, therefore 
they become swollen and the polymerization is performed in presence particles, the  
polymer fills the gaps among the particles,  
- template synthesis – it is completely different from other methods, polymer is used as 
template, the particles are synthesized from precursor solution. 
The advantages and disadvantages of aforementioned methods of PRC manufacture are 
summarized in Table 1. 
 
Table 1 The advantages and disadvantages of PRC preparations [6] 
Type of preparation Advantages Disadvantages  
Solution method very good dispersion of 
filler which causes the 
forming of good structure 
and properties of 
composites 
demanding preparation, limited types of 
suitable monomers, removal of solution, 
possible method for water soluble 
polymers 
In situ very good dispersion of 
filler which causes the 
forming of good structure 
and properties of 
composites 
demanding preparation, limited types of 
suitable monomers, low content of 
polymers in PRC, limited application 
Intercalation using for all polymeric 
matrixes, undemanding 
technological process 
limited dispersion of filler in matrix, low 
degree of exfoliation, using of modifiers 
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2.2 Particulate reinforced (filled) composites  
This work deals with study of PRC therefore the main interest is devoted to this type of 
composites. 
The first artificial PRC was polyvinyl chloride filled with limestone (chalk) designed due to 
the reducing cost while maintaining the properties. This product was a consequence of oil 
crisis in the 70th of last century. The other PRCs were polypropylene, polyethylene filled with 
mica, soapstone, Al and Mg hydroxides. Among the PRCs belong composites consisting of 
polymeric matrix and discrete particles of inorganic nature. Their production and application 
is constantly increasing. Reduction of costs is still motivating factor but the preparation of 
totally new material with required properties and size of particles is important as well. The 
huge boom is mainly in the field of nanotechnology which allow forming particles in 
nanoscale and also in different shape such as of nanoparticles, nanotubes, nanolayers etc. 
Nowadays, scientific research and projects deal with the modification of physical and 
chemical properties of used particles using in composite structure [3], [5].  
PRCs are mostly composed from the commodity polymer such as polyamides, polypropylene, 
polyethylene, polyacrylate and they become the competition for engineering polymers. The 
particles for forming PRC are either natural or synthetic nature and they differ in chemical 
compositions - inorganic or organic, shape, density, colour, hardness, specific surface and in 
mechanical properties. The main particle representatives are limestone, dolomite, clay, soot, 
silica. These fillers can have regular (isotropic) shape such as spherical (limestone), dolomite, 
lamellar (mica) or irregular shape (by milling prepared inorganic filler). Volume fraction of 
resulting composite is different due to the influence of densities of both components, i.e. filler 
and matrix. The spherical filler plays a significant role for forming composites with in 
thermoplastic matrices, but they can be found in thermosets and elastomers, too. The attention 
must be paid to uniform dispersion and surface treatment of the used filler. Spherical fillers 
have benefit over the non-spherical, that their properties are isotropic and exhibit no 
orientation effect during the manufacturing [1], [2].  
Current micromechanical theories assume that the effective properties of composite materials 
such a Young´s modulus, yield strength and elongation at break are related to the properties of 
their constituents, volume fraction of a component, shape and spatial arrangement of filler and 
properties of the matrix/filler interphase. The particulate fillers have the big influence to the 
mechanical properties of PRC: 
- adding of inorganic filler causes significantly increasing of material toughness 
(Young´s modulus) at the decreasing of ductility, 
- using of anisometric particles improves the material hardness, 
- using of isometric particles with increasing content of filler decreases hardness, it 
depends on the size of particles,  
- heat, fire resistance, dimension stability, absorption of UV and X-radiation [2], [5].  
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2.2.1 Silica 
Silica is considered as unique material in applications as filler due to the remarkable 
properties, i.e. specific surface and high purity, its chemical inertness and durability. Common 
availability of silica is not the sole reason for its extensive use. Today silica belongs to the 
most used particulate reinforcement of PRC with thermoplastic or thermoset matrix [4]4], [7]. 
Chemically silica is an extremely hard mineral, it is silicone dioxide (SiO2) found naturally in 
quartz sand. It is the multi-functional ceramic material used for improving material surface 
and mechanical properties. Silica can be described as a three-dimensional network 
constructed from tetrahedral cells (Figure 3), with four oxygen atoms surrounding a silicon 
atom. The silicon atom occurs in the centre of each of the tetrahedral arrangement. In three-
dimensional network the vertices of the tetrahedral arrangement are joined by common 
oxygen atom called bridging oxygen (Figure 3). It is possible to prepare the silica from 
smaller or bigger primary particles and with low and high structure  
 
Figure 3 Structure of silica [7] 
 
Silica filler includes not only natural minerals but also a variety of synthetic products. It can 
also be made synthetically, using the pyrogenic or wet process. Two method of silica 
production can be distinguished [7]: 
Pyrogenic (thermal) process – it is prepared pure form of SiO2 (fumed silica) which is formed 
from silicone tetrachloride or quartz sand to a pyrolysis process in oxygen-hydrogen flame 
according to the reactions (1), (2), (3). Silicone tetrachloride is converted into the gas phase 
and it reacts with hydrogen and oxygen at 1800 °C. This chemical reaction is exothermic and 
therefore it requires cooling of the reaction products. The hydrochloric acid formed during the 
reaction must be separated from the fumed silica powder and it can be recycled and used for 
the manufacture of silicon tetrachloride described by the equation (4).  
 2 H2 + O2 → 2 H2O  (1) 
 SiCl4 + 2 H2O → SiO4 + 4 HCl  (2) 
 2H2 + 2O2 + SiCl4 → SiO4 + 4 HCl  (3) 
 Si + 4HCl → SiCl4 + 2H2  (4) 
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The obtained fumed silica is of amorphous and hydrophobic nature. It has a low density, high 
surface area values and good thixotropic qualities. Pyrogenic silica is used extensively as 
popular filler and reinforcement agent in many coatings, sealants, and adhesives [4], [7]. 
Wet process – this process leads to precipitated silica which is produced from aqueous sodium 
silicate solution (water glass) through its reaction with sulphuric and hydrochloric acids (5), 
(6). 
 3SiO2 + Na2CO3  → 3SiO2 · Na2O + CO2  (5) 
 (SiO2·Na2O)aq + H2SO4 → SiO2 + Na2SO4 + H2O  (6) 
Precipitated silica has more silanol groups than the fumed one. Precipitated silica is due to its 
thixotropic properties used in production of tires. Reinforcing capability of wet silica is 
generally greater than that of pyrogenic silica [4], [7]. 
Both production technologies allow controlling of surface area structure and possibility of 
surface treatment, by this it is possible to tailor the silica to achieve specific desirable 
property. The modification of silica can also be based on the addition of the modifiers which 
can be either reactive or nonreactive (Figure 4). This treatment is based on the chemical 
reaction between the silanol groups of the hydrophilic silica and the silanes. This treatment is 
based on different nature of functional groups. Single hydroxyl groups and hydrogen-bonded 
hydroxyl groups are both hydrophilic, whereas the siloxane group is hydrophobic. The 
conversion can be from the hydrophilic to hydrophobic and vice versa [6]. 
 
 
Figure 4  Distinction between nonreactive and reactive modifiers to filler [6] 
 
The accurate characterization of silica allows describing of its surface and structure, the 
morphology, degradation behaviour of silica structure as accurately as possible with the 
respect to its application.  
 
2.3 Polyacrylates 
Polyacrylates are broad polymer group derived from acrylic acid (prop-2-enoic acid) or 
methacrylic acid (2-methylpropenoic acid) and their esters, amides etc. They are produced 
either like homopolymers, or more often, like copolymers. Their properties are dependent on 
preparation method, molecular weight or the range of crosslinking. All of them are 
characterized by weather resistance, fastness to light and transparency [8],[9],[10]. Their 
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usage in industry is based on the type of used monomer in their structure such as coating 
agents, acrylate rubbers (toughening agents), and industrial adjuvants. Most of the 
thermoplastic acrylic polymers are made by the bulk polymerization of the acrylate monomer. 
The acrylates differ to each other by the size and the nature of the side chain.  The polyacryles 
form softer and adhesive films; vice versa the polymethacryles are extensively harder [8], 
[10]. The polymethacrylates has higher resistance against the thermal degradation than 
polyacrylates. The polymethacrylates have interesting ability of depolymerisation at higher 
temperature without the monomer residues. This is used in the regeneration of monomer from 
the recycled polymer. Contrary by the depolymeration of polyacryles the small amount of 
carbon is formed [8], [10]. 
 
2.3.1 Poly(methyl methacrylate) (PMMA) 
Chemically, PMMA is methylester of methacrylic acid and belongs among thermoplastic 
polymers [10]. It is classified as an amorphous polymer. PMMA is synthetically formed by 
bulk, emulsion and suspension polymerization from methylester of methacrylic acid. The 
initiation of polymerization can be either radical or anionic. The schematic equation of this 
polymerization is reported in Figure 5.  
 
 
Figure 5 Polymerization of methyl methacrylate [11] 
 
In practise, there are different technologies of bulk polymerization which differs in the shape 
of polymerization forms, i.e. they are used for production of sheets, pipes or bars [1], [8]. The 
manufacturing of PMMA begins by polymerization of prepolymer methyl methacrylate using 
an initiator (azobis-isobutyronitrile or dilauroylperoxide) and heat between two embedded 
silicate glasses (temperature in the range between 60 - 100 °C). During this prepolymerization 
process the changes of viscosity and of the refraction coefficient are monitored. This liquid 
monomer is poured between two flat sheets of toughened glass sealed with a rubber gasket 
and heated to induce polymerization. Polymerization heat generated during polymerization 
must be removed by water or by air cooling. The polymerization temperature is around 30 – 
130 °C and its duration is driven by temperature and by the plate thickness. This type of 
polymerization is called cell casting [10]. PMMA sheets may contain surface scratches and 
variations in thickness and surface defects. Hence, this method was replaced by more modern 
method such as extrusion [10]. In the industry, PMMA is manufactured by the continuous 
bulk polymerization between to endless steel bands which move in temperature zones and the 
prepolymer is injected between them. By the bulk polymerization, non-cross-linked PMMA 
or partially cross-linked PMMA with very good properties are produced. This PMMA is 
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totally amorphous. Contrariwise the suspension polymerization of methyl methacrylate is 
utilized for production of thermoplastic PMMA which are consequently processed by 
injection moulding or by extrusion (170 – 220 °C). It is necessary to keep in mind that such 
PMMA has relatively low molecular weight [8], [10]. 
The main characteristic properties of PMMA are brilliance and colourless feature in bulky 
layers which causes its excellent transparency and easy colouring. It is often used as a light or 
shatter-resistant alternative to glass due to its resistance to environmental influences. It is the 
reason why PMMA is sometimes called acrylic glass. PMMA has the glass transition 
temperature around 105 °C [11]. 
PMMA is rubbery-like in the range of temperatures 130 – 140 °C and easily mouldable. 
PMMA has ability to exhibit the shape memory [10]. This ability is based on the recovery of 
the shaped plate to the original straight shape by heating on softening point. Its disadvantage 
is liability to brittle fracture and it is more prone to scratches. But the scratches may easily be 
removed by polishing. PMMA has good insulating ability to mechanical stress and electricity, 
it is resistant to water, diluted acids and diluted bases, but not resistant to concentrated acids 
and bases because ester groups are hydrolysed. It dissolves in aromatic and chlorinated 
hydrocarbons, esters, ketones and ethers. It can be modified by cutting [8], [10]. 
Because of its outstanding properties and feature (easy handling, processing), PMMA is often 
prefered to conventional polymers.  It could be utilized in automobile industry, contact lens, 
air-plane cockpits, and denture and in outdoor application as brand mark Plexiglass etc. [8]. 
The PMMA sheets can be stuck together by cyanoacrylate cement (super glue) or by using of 
solvent (dichlormethane). The formed welds are invisible. PMMA is an economical 
alternative to polycarbonate (PC) when extreme strength is not necessary. Additionally, 
PMMA does not contain the potentially harmful bisphenol-A subunits found in polycarbonate 
[10].  Neat PMMA are often modified by the varying amounts of other additives or fillers 
which allow preparing PMMA with specific and required properties [8], [10]. 
 
2.4 PMMA composites reinforced with silica particles 
For filled composites, four factors such as component properties, composition, structure and 
interfacial interaction must be controlled. PRC started their evolution from simply filled 
systems as additives to the complex materials possessing additional advantages. One benefit 
of micro composite over the neat matrix is the increased stiffness [2], [5]. Nowadays, PRCs 
are mainly composed of particles in range of micro scale. Nanoscale fillers become more used 
into the polymer matrix when the formed composites can obtain totally new properites. Hence 
there is still increasing popularity of the nanotechnology producing nanocomposites [5]. In 
work [12], PMMA-silica nanocomposites were prepared by bulk-polymerization technique. 
The inorganic silica was modified in two cases by methyl group and in the third case by 
octane. This modification of silica increased its hydrophobicity. The characterizing methods 
were TGA (Thermogravimetric analysis) and DMA (Dynamic mechanical analysis).The 
studied composites showed higher storage and loss moduli than those of neat PMMA and the 
Tg increased with the silica content. The decreasing length of the alkyl chain on the modified 
silica caused the increase in the temperature and activation energy of the degradation. These 
facts are attributed to the large silica surface area and that the silica particles might trap 
radicals during the degradation [12]. 
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The authors in article [13] prepared the nanocomposites of poly(methyl methacrylate) and 12 
nm silica particles by means of dispersion solution casting method. The amounts of silica in 
composities differed from 1 to 35 wt%. The techniques used in this work were SEM (Scannig 
Electron Microscopy), NMR (Nuclear Magnetic Resonance), FTIR (Fourier Transform 
Infrared Microscopy), TGA, and CL (Isothermal Chemiluminescence). Thermal stability 
increased significantly after addition of small amount of silica to PMMA. The degradation of 
nanocomposites is caused by radical formation at labile chain ends and random chain scission. 
The nanocomposites with silica particles (their content in the range of 3 wt% - 20 wt%) were 
stable at temperatures up to 300 °C.  
In work [14], PMMA composites filled with three different types of silica without an organic 
surface treatment were prepared. The studied nanocomposites were prepared by melt mixing 
and solution mixing whereas the micro composites were only brought into PMMA via melt 
mixing. The prepared samples were investigated from the point of view of thermal stability by 
means of rheological test. The change in storage modulus was measured. Authors observed 
long-term stability of composites depending on size of silica particles and on the volume 
fraction of the filler. Neat PMMA degraded at high temperature which correlated with a 
decrease of storage modulus. On the other hand it was observed the increase in the storage 
modulus with increasing temperature and filler surface for composite materials. This behavior 
is a consequence of chemical reaction between PMMA molecules and silica particles. 
Researchers Yang and Nelson prepared PMMA/silica nanocomposites by solution 
polymerization and characterized them in order to evaluate thermal, mechanical, and fire 
properties. The surfaces of silica particles were treated by (3-acryloxy propyl) 
methydimethoxy-silane (APMDMOS) and (3-acryloxypropyl)trimethoxysilane (APTMOS). 
The samples were characterized by FTIR. The results showed that APTMOS performed better 
modification of the silica surface in contrast to APMDMOS. Prepared PMMA/silica 
nanocomposites showed better mechanical properties than PMMA itself. Improved thermal 
stability by all examined samples in comparison with neat PMMA was observed [15]. 
In work [16], there were prepared PMMA/silica nanocomposites by a melt compounding 
method. The content of silica particles, morphology, mechanical properties and thermal 
degradation kinetics of PMMA were investigated by means of techniques such as 
transmission electron microscopy (TEM), X-ray diffractometry (XRD), DMA, TGA, (FTIR), 
cross polarization times (TCH) etc. The obtained results showed good dispersion of 
nanoparticles in the polymeric matrix whose structure remained amorphous. Due to the 
interaction of silica and PMMA, the degradation of the polymer occurs at higher temperature 
in the presence of silica.  
Lui et al. synthetized PMMA/silica nanocomposite films from copolymerizing 
methylmethacrylate with allylglycidylether-functionalized silica nanoparticles. They 
concluded that the covalent bond linkages between the inorganic silica and organic PMMA 
polymer provided extreme high compatibility of these two components which represents  the 
nanocomposite materials with the high silica contents (over 70 wt%). The nanocomposite 
films exhibited extremely high hardness but the thermal stability of PMMA was not enhanced 
with the addition of silica particles [17]. 
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2.5 Thermal analysis  
2.5.1 Introduction  
The methods of thermal analysis (TA) belong to the group of analytical experimental 
techniques which investigate the behaviour of a sample as a function of temperature. It means 
that TA provides both qualitative and quantitative information on the effect of heat on 
material. The main conventional TA methods are differential scanning calorimetry (DSC), 
differential thermal analysis (DTA), TGA, thermomechanical analysis (TMA) and dynamical 
mechanical analysis (DMA). The TA is widely employed in both scientific and industrial 
domains due to the ability to characterize the variety of materials in the huge temperature 
range [18]. Table 2 summarizes application of common TA techniques for polymer 
characterization. 
 
Table 2 Commonly used TA techniques for polymer characterization [19] 
Methods Measured values Properties of polymer 
DTA 
DSC 
Temperature difference 
between sample and 
reference substance 
Thermal transition (Tg, Tm, Tc, 
crystallization), crystallinity degree, melting 
enthalpy, heat effect, curing and cross-
linking enthalpy, reaction kinetics, oxidative 
stability, efficiency of antioxidants, analysis 
of copolymers and polymer blends 
TGA  Mass change 
Thermal and thermoxidative, efficiency of 
retardants, combustion, volatilization of 
low-molecular products of 
polycondensation, solvents, determination 
of moisture, filler and ash content, activation 
energy of decomposition 
TMA 
DMA 
Elongation of samples 
acting by force 
Mechanical force a 
frequency at periodic 
loading of sample 
(tension, bending, 
torsion, penetration) 
Expansion ratio, the region of glass 
transition, Tg, Tm, activation energy 
Mechanical properties, tensile and shear 
modules 
 
The popularity of TA in industry is increasing because the results obtained by TA are 
relatively quickly obtained, reproducible and TA instrumentation has a reasonable price.  
The main advantages of TA are following [18], [20]: 
- the investigation of the sample can be done over wide temperature range,  
- thermal properties can be tested using temperature programme, 
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- studied samples can be in almost any physical forms (solid, liquid, gel) which allow 
using variety of samples vessels or attachments, 
- the amount of samples for thermal analysis is required only in 0.1 g – 10 mg, 
- the ambient atmosphere of the sample can be standardized, 
- the experimental time of thermal analysis is in the ranges from several minutes to 
several hours,  it depends on the setting condition for experiment (such as heating 
rates etc.), 
- cost of the TA instrument is not too high. 
It is often necessary to collate TA data with results from other spectroscopic measurements 
such as NMR, FTIR in order to assess the molecular processes connected with observed 
behaviour. The examination of samples by TA instrument is done at nonequilibrium 
conditions therefore the observed transition temperature does not reflect the equilibrium state. 
The recorded data and associated results can be influenced by experimental parameters for 
example sample dimension and shape, sample mass, heating/cooling rate, the nature and 
composition of the reactive atmosphere and last but not least thermal and mechanical origin of 
the sample [18].  
 
2.5.2 Thermogravimetric analysis (TGA)   
TGA is one of the thermal analytical techniques which studies the relationship between a 
sample mass and sample temperature. It measures the mass changes of substances as a 
function of temperature, while the substance is subjected to a controlled temperature 
programme [20], [21].  
Controlled temperature programme can include: 
- isothermal measuring mode at certain temperature (isothermal mode),  
- heating and/or cooling at a predetermined heating rate, 
- combinations of heating, cooling and isothermal stages, 
- other modern approaches when the temperature profile can be modified according to 
the behaviour of the sample. 
The mass changes are not connected to the process such as melting, crystallization or glass 
transition therefore they cannot be detected by TGA. But other thermal changes bring the 
significant mass changes, e.g. desorption, absorption, sublimation, vaporization, oxidation, 
reduction, decomposition, magnetic or electric transformation.  
A TGA instrument (Figure 6) can be arranged horizontally or vertically and consists of a 
thermobalances surrounded by a furnace, temperature programmer and the data collector. 
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Figure 6 Basic design of TGA machine [23] 
 
Thermobalances are commercially available in various designs for instance beam, spring, 
cantilever and torsion microbalance and they must record the changes in mass of the sample 
under the atmospheric conditions and over a broad temperature range. The examined sample 
is placed into the crucible inside the furnace or in the sample holder controlled by thermal 
regulator. The different sizes, shapes and material of crucible are used. The typical materials 
are made from platinum, aluminium, quartz or ceramics [18], [22], [23], [24]. The choice of 
crucible is also dependent on the form of measured samples (liquid, powdered). Some 
crucibles are equipped with the cover and their usage is recommended unless decomposition 
under specialized atmosphere conditions is of interest. The furnace of TGA instrument must 
have a hot zone of uniform temperature where is enough space for crucible with a sample. To 
control temperature inside the furnace the temperature programmer is used ensuring a linear 
heating profile over a range of heating rates. The temperature is monitored via a 
thermocouple. The thermocouple which monitors the sample temperature is often not in a 
direct contact with the sample, but instead, it measures the temperature of the atmosphere in 
close proximity to the sample. All experiments are performed in the specific atmospheric 
conditions which includes high pressure (up to 300 MPa), vacuum (down to 10
-3
 Pa) and 
atmospheric pressure in the presence of inert, corrosive, oxidizing or reducing gases [18], 
[22], [25], [26]. [22]That means that utilized purged atmosphere can be interactive and non-
interactive. Non-interactive atmosphere is either argon or nitrogen used to standardize the 
conditions of experiment without affecting the sample. Reactive atmosphere can be either 
oxygen or air which can simulate the combustion conditions of samples in environment. All 
atmospheres can be used under static or flowing (dynamic) conditions [20], [23], [27]. 
The obtained thermogravimetric curve is a dependence of mass change expressed as a 
percentage on the vertical axis against a function of the isothermal studies (selected from 
temperature T) or time (t) on the horizontal axis. The heating rate has strong influence on the 
shape of a TGA curves. In general heating rate is recommended in the range from 0.5 to 10 
°C/min depending on the aim of the analysis [18], [23], [25] In Figure 7 there are plotted 
TGA curves where the mass changes are function of temperature for experiments at constant 
heating rate or time. The obtained different TGA curves differ each other due to the various 
nature of samples and used experimental atmosphere (Figure 7). Type A in Figure 7 shows no 
mass change in the whole temperature range and it gives only information that the 
decomposition temperature of the material is greater than the maximum temperature defined 
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by the experimental set-up. Contrary, the big mass loss is observed at beginning of B and then 
the curve shows a plateau. This is caused by evaporation of volatile components used e.g. 
during the polymerization, drying process or desorption. The curve C indicates the single-step 
decomposition reaction while the curve D shows multi-steps decomposition reaction where 
the reaction steps are evenly distributed. The curve D shows uneven distribution of the 
reaction steps. The curve F characterizes process connected with mass gain caused by 
oxidative reactions.  In real life, the continuance of curve G is not often seen because the mass 
gain is caused by surface oxidation which is followed by the decomposition of reaction 
products [18]. 
 
 
Figure 7 Types of TGA curves [18]  
 
The obtained mass dependences from TGA measurement which characterize the material 
stability and composition are strongly dependent on the experimental conditions, for instance 
preparation and mass of sample, volume or physical form of sample, characteristic properties 
of samples, pressure and flow rate of the atmosphere in the sample chamber and the heating 
and scanning rate, crucible shape, model of thermobalances. Therefore TGA analysis 
frequently requires many preliminary tests for optimization of the conditions. Powered 
samples or small particulate sized samples are ideal for TGA but the polymer science often 
uses forms such as films, fibres, sheets, pellets, and granules [22], [23], [26].  
Examination of the material by TGA measurement could simulate the conditions of processes 
during the material degradation (for example in oxygen atmosphere – thermooxidative 
degradation etc.) at elevated temperatures or accelerate degradation rate in materials. The 
obtained results serve for prediction of service life time or kinetic parameters of the 
degradation (aging) and physicochemical processes occurring in the sample.  This obtained 
information gives the great commercial importance in field of construction industry where it 
can help to avoid the catastrophic failure in building construction and ensure quality 
assurance and control tests  
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Interpretation of TGA data is not often easy reportable and it can give ambiguous results. For 
this reason, it is important the inter-comparison TGA data with data from different 
techniques. DTA is the TA technique which is often employed for inter-comparison with 
TGA results [24]. 
 
2.5.3 Derivative thermogravimetry (DTG) 
The obtained TGA curve obtained for polymer materials is not usually one-step, i.e. there are 
overlapping reactions occurring in tested material. Hence, derivative record, i.e. DTG is 
sometimes more useful for plotting of recorded data. Mass change with respect to temperature 
or time is plotted against the time or temperature in DTG curve. The data in TGA reveal 
better the mechanisms of the process. In fact, DTG curve does not contain any breaks but 
peaks while peak maximum occurs when the rate of mass loss is at maximum. Similarly as in 
DSC and DTA, the DTG peaks are characterized by their peak maximum and peak onset 
temperatures. The area under a DTG curve is proportional to the mass loss while the height of 
the peak at any temperature gives the actual rate of mass change. This method is successfully 
utilized for evaluation of multi-step degradation mechanism [18], [23]. 
 
2.6 Study of reaction kinetics in solid state  
The kinetics of solid-state reactions offers the possibility to evaluate the kinetic parameters 
such as the activation energy, the pre-exponential factor and the kinetic model or a conversion 
function from the data obtained by means of TA methods [28], [29]. These parameters are 
mostly called kinetic triplets [28], [30], [31]. Solid-state reaction kinetics was developed from 
the concept of kinetics in homogenous phase (gases and liquids). The kinetics parameters 
could be analysed by traditional model-fitting and by isoconversional (model-free) methods 
from simulated isothermal data. Both model-fit and model-free methods have their advantages 
and limitations [29], [32]. The traditional methodology based on the fitting data to reaction 
models is done at isothermal studies. But this model fitting approach suffers from an inability 
to determine the reaction model uniquely and it does not allow making the reliable 
conclusions from isothermal data. In model fitting non-isothermal kinetics, the data gives the 
uncertain results that cannot be compared meaningfully with isothermal data. Hence the 
model-free methodology, which is based on the isoconversional method, was introduced. 
These model-free approaches utilize both the isothermal and non-isothermal kinetics and also 
allow determining the kinetics dependences on the extent of conversion [31]. In article [28], 
Vyazovkin et al. summarize the recommendations for reliable evaluation of kinetics 
parameters such as avoidance of the problems originated from the ambiguous evaluation of 
the reaction model and related topics [31], [33], [34]. 
Tanaka reviewed the early study of the rate of solid-state reactions in connection with the later 
development of techniques for determination of kinetic parameters under non-isothermal 
conditions (such as reliability of kinetic parameters etc.). He also stressed out that the 
isocoversional methods are quite appropriate for obtaining kinetic parameters [35]. 
In study [36], Brown deals with the question of the solid-state decomposition kinetics. He 
points out that this research lacks of a general theoretical framework. He criticizes the 
obtained individual kinetic results without mechanistic discussions supported by 
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complementary observations. He suggests the progress forward in the better experimental 
protocols to establish the reproducibility and reliability of kinetic results. 
In reference [37] was reported application of model-free methods for kinetic analysis and 
several hints regarding the the problem with identication of the suitable kinetic model in case 
of measurements under both isothermal and non-isothermal conditions.  
In works [28] and [30], Vyazovkin et al. applied model-free and model-fitting kinetic 
approach to data from nonisothermal and isothermal decomposition of 1,3,5,7-tetranitro-
1,3,5,7-tetrazocine and ammonium dinitramide. The popular mode-fitting approach gives 
excellent fits for both isothermal and non-isothermal data but the obtained values for non-
isothermal condition can differ from each other. Therefore these values cannot be 
meaningfully compared with the values derived from isothermal measurements and to be used 
to reasonably predict the isothermal kinetics. On the other hand, model-free approach 
represented by the isoconversional method gives similar dependencies for both isothermal and 
non-isothermal experiments. The results from non-isothermal data permit reliable predictions 
of the isothermal kinetics. 
 
2.6.1 Isoconversional methods 
All isoconversional methods have their origin in the isoconversional principle that says that 
the reaction at constant extent of conversion is only function of temperature. Therefore 
model-free isoconversional method is an alternative to the model-fitting method. It has the 
attractive attributes [28], [29] such as: 
- possibility to analyse either isothermal or non-isothermal data, 
- obtained results from isothermal and non-isothermal experiments are internally 
consistent, 
- the evaluation of kinetic dependencies can reveal complexities in the reaction kinetics. 
The mechanisms of processes in condensed phase frequently contain multiple steps that have 
different rates. Their description is not clear or easy or even there is not possibility to explain 
it by a simple kinetic method. Hence, the single-step approximation is used for description of 
these mechanisms. The single-step approximation is simplified approach when the whole 
complex of processes is considered like a one step and is utilized and fitted during the 
mathematical treatment [38].  
Isoconversional procedure is highly popular because it allows the calculation of activation 
energy without the prior knowledge of the kinetic model (i.e. model-free approach). During 
the measurement of isothermal experiment it is necessary to ensure that every run is done 
under the same experiment conditions (such as sample mass, purge rate) so that only the 
heating rate varies for each run. It is necessary to avoid the sample mass variation due to 
differences in heat and mass transfer [32], [39].  
 
2.6.1.1 The single-step kinetic approximation 
The single-step approximation belongs among the isoconversional methods which are based 
on the set of kinetic measurements at constant conversion. The principle idea of this method is 
based on two assumptions: 
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First, the rate of processes in condensed phase is a function of temperature and conversion: 
   
  
  
          (7) 
and that the function   in equation (7) can be expressed as a product of two independent 
functions:      is only dependent on temperature   and       is dependent only on the 
conversion of the process: 
                  (8) 
 
The equation of the rate of the multi-step condensed state process (7) can be rewrite by 
combination of equation (7) and (8) into the form (9) which is a general single-step rate 
equation 
 
  
  
          (9) 
In equation (9),      represents the rate constant and      is conversion function which 
reflects the mechanism of the process. Equation (9) resembles a single step kinetics equation 
but it represents a complex of condensed-phase process. It represents a mathematical 
formulation of the single-step kinetics approximation. The main role of equation (9) is that 
conversion function      at a fixed value of conversion   is the same for all temperatures or 
temperature regime which means that the mechanism of process is not function of 
temperature but it is a function of conversion [38]. 
The second assumption is that the activation parameters are obtained from a set of kinetics 
runs from the dependences: 
- for isothermal measurements - time vs. temperature,  
- for integral and incremental methods with linear heating rate – temperature vs. heating 
rate, 
- differential (e.g. Friedman method [40]) – reaction rate vs. temperature, 
The evaluation of these activation parameters are estimated at the fixed conversion.  
Isoconversional methods are generally divided according to the temperature regime in which 
they are performed – isothermal isoconversional method and isoconversional methods at 
linear heating (differential, integral and incremental methods.) [28], [29], [30], [31]. 
 
2.6.1.2 Isothermal isoconversional method 
The condition for isothermal method is the constant value of rate constant. By separation of 
variables the equation (9) is rearranged into the form (10), where   is time, when the 
conversion is reached: 
 ∫
  
    
  ∫   
  
 
 
 
, (10) 
If the primitive function on the left side in equation (10) is renamed as  , it is obtained: 
                (11)  
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Then    is expressed from equation (11) as (12): 
      
         
 
 (12) 
 
The temperature function of rate constant      is expressed by Arrhenius equation (13), 
where   is the preexponential factor,   is the activation energy or the reaction,   is the 
absolute temperature and   is the gas constant: 
        [ 
 
  
]
 (13) 
Applying      from (13)  into the equation (12), one gets: 
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]
 (14) 
By the substitution of activation parameters               and     
 
 
 in (14) it can be 
obtained the expression (15):  
     
 
   
[ 
  
 
]
 (15) 
The subscript   identifies that the parameters   ,    and    are obtained from the series of 
isothermal measurements at fixed value of conversion by using equation (14) or by its 
logarithmic transformation leading to the linear dependence     (
 
 
) [40]. 
 
2.6.1.3 Isoconversional methods at linear heating 
Integral method 
By the combination of equations (8) and (13) at non-isothermal conditions, rate of processes 
in condensed phase is expressed as: 
  
  
  
            [ 
 
  
]     (16) 
After the separation of variables and integration of (16): 
 ∫
  
    
  ∫  
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]  
 
  
 
 
 (17) 
The equation (17) can be rewritten by substitution of activation parameters  
             and    
 
 
 : 
     ∫  
[ 
  
 
]  
  
 
 (18) 
The equation (18) can be utilized at any temperature regime and allows calculation of the time 
at which the fixed conversion   is reached [40]. 
During the thermoanalytic experiments with linear heating program, the temperature of 
furnace can be expressed as (19), where    is temperature of furnace,    is the starting 
temperature of the measurement and   is heating rate. 
            (19) 
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If it is assumed that the temperature of sample T equals to temperature of furnace, it is 
obtained equation (20), where T is the temperature at which the fixed conversion   is reached.  
      ∫  
[ 
  
 
]  
  
 
 (20) 
The lower integration limit in (20) is usually        because the no changes occur in the 
sample at this starting temperature of the experiments [40]. 
 
Differential method 
By using of equation (16) at isothermal conditions it is obtained: 
  (
  
  
)
 
 ( 
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]     
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]
 (21) 
The subscript   identifies that the parameters   ,    and    are obtained from the series of 
isothermal measurements at fixed value of conversion. The parameter     is determined as the 
product of       .  
The equation (21) is mainly used in the logarithmic transformations as Friedman´s method 
[40]: 
    ( 
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 (22)
  
Incremental method 
The using of incremental method accrued from the differential Friedman´s method [40] based 
on the measurement of instantaneous rate values. This approach is sensitive to experimental 
noise and therefore numerically unstable. As a result the incremental method was developed 
to obviate this trouble. If the equation (17) is integrated within the conversion increment 
      at the linear heating program, one can obtain: 
    
 
           
∫  
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 (23) 
The definition of    is clear from the equation (23). In equation (23) the integration 
eliminates the influence of the experimental noise. If an infinitely small increment is used for 
expression of equation (23), it can be converted into equation (21) [40]. 
 
2.6.2 The temperature functions 
The temperature dependence of rate constant in equation (9) can be expressed by different 
functions. It is usually expressed by Arrhenius equation (13), which can be rewritten in 
equation (24), where    and   are adjustable parameters which do not have a clear physical 
meaning [41].  
         
[ 
 
 
]
 (24) 
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Due to the complexity of the processes,      cannot be expressed only by the Arrhenius 
temperature function. Therefore two other non-Arrhenius functions (25), (26) were suggested 
which are highly suitable for expression of temperature function of rate constants.  
          
  (25) 
          
   (26) 
The parameters  , ,   are adjustable parameters [40]. 
 
2.7 Stability and degradation of polymer materials and composites 
2.7.1 General observations  
The degradation of composites is a change of the material properties as for example process 
of metal corrosion. Especially chemical degradation of polymers and composites is a very 
important phenomenon, which affects the performance of all plastic materials in daily life. 
The degradation of composites involves several physical and/or chemical processes 
accompanied by small structural changes which lead to significant deterioration of the quality 
of the polymeric materials. All these changes cause deterioration of mechanical, electrical or 
aesthetic properties. In real life, there exist different types of degradation (Table 3). The aging 
of materials is classified as physical or chemical degradation. During the physical 
degradation, the chemical bonds are not broken. In contrast, the chemical degradation leads to 
a break of chemical bounds of shortening of chains. The chemical degradation is caused 
mainly by irradiation, temperature and repeated manufacturing processes [1], [3], [8], [10], 
[33] . The list of other possible ways of polymer degradation is given in Table 3. 
 
Table 3 Type and causes of degradation [5] 
Types of degradation Causes/environmental factors 
Photodegradation  Light (e.g. ultraviolet and visible light) 
Biodegradation, bioerosion, biodisintegration 
Micro/macroorganisms, enzymes (hydrolysis, 
ionization, complex formation) 
Thermal degradation  Heat (especially during processing) 
Oxidative degradation  Oxygen, ozone 
Ultrasonic degradation  Ultrasound 
High-energy degradation  
 
X-ray, -,  -, and  -rays 
Chemical degradation  
 
Acids, alkalis, salts, reactive gases, solvents, water 
Mechanical degradation, cracking Stress, fatigue (especially during processing) 
Electric aging Electric field/discharge 
Etching and corrosive degradation Plasma 
Abrasive degradation Abrasive forces, environmental stress, physical wear 
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Every type of polymer and composite degradation has own mechanism such as  
- main-chain scission, 
- side group scission, 
- elimination, 
- depolymerisation, 
- cyclization, 
- cross-linking [33] 
The mechanism of degradation of polymeric materials and composites influences the method 
for investigation of material stability or degradation. For instance, the cross-linking and 
cyclization are not accompanied by any change of sample mass therefore they are not detected 
by TGA. While the others are connected with the evolution of volatile products and 
consequently they are followed by mass changes.  
Reason to study the stability and degradation of solids may range from the very practical to 
the very theoretical. An example of the practical extreme would be study of the thermal 
stability of specific solid substances under a set of conditions closely related to a 
technological process in which the substance is to be used [8], [10], [33]. 
 
2.7.2 Methods for stability and degradation studies of polymer material and 
composites  
The common techniques used for stability studies of polymers and composites are mainly 
based on thermal analysis methods such as thermogravimetric analysis (TGA, DSC) and on 
pyrolysis or gas chromatographic studies. They are mostly linked to complimentary 
techniques such as mass spectrometry or infrared spectroscopy. Other techniques that have 
been used to a much lesser extent include CL, NMR, electron spin resonance, positron 
annihilation lifetime mass spectrometry, matrix-assisted laser desorption ionization time-of-
flight mass spectroscopy (MALDI-TOF MS) [10], [18], [22]. In work [42], Singh summarized 
the overview on the degradability of polymer nanocomposites and he introduced many factors 
causing polymer and composite degradation, application limits of their durability and the 
main analytical techniques used for investigation of durability and degradation. The choice of 
method of investigation of composite degradation and stabilization is also dependent on the 
properties connected to the degradation such as the kinetics etc. [10]. The processing stability 
is evaluated by the multiple extrusions or by measurement of moment of force changes 
needed to extrusion whereas the thermooxidative stability is investigated by the accelerated 
aging test (open tubes or in the oven with the air circulation), or in temperature intervals given 
by polymer nature and finally method of oxygen absorption and measurement of oxygen 
induction temperature. The thermogravimetric degradation kinetics can be used to calculate 
the lifetime of a sample at selected temperatures, temperature that will give a selected 
lifetime, lifetimes at all temperatures at a known percentage conversion [8], [10], [21], [23], 
[33]. 
Zou et al. studied the size effect of silica nanopartices on thermal decomposition of PMMA 
by means of controlled rate thermogravimetry. They found out that thermal stability depends 
on the dispersion state of silica nano-particles (fraction) and the size silica particles. The 
dispersed silica inhibited the thermal degradation of PMMA. The degradation is also 
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connected to increasing specific surface area of silica particles due to the decrease in PMMA 
molecules free from trapping on silica particle surface [43].  
Bigger et al. used the novel approach involving of stability parameter mapping and stability 
vector analysis for examination of the effect of an additive on polymer properties. This new 
approach was applied to oxidative induction time obtained from DSC and in 
chemiluminescence oxidation time for different filled polymers. This method could help to 
assess other polymer properties that reflect oxidative stability and other formulations of 
commercial interest [44]. 
In work [45], the degradation behaviour of amorphous poly(methyl methacrylate) on silica 
nanoparticles as a function of silanol density and nanoparticles size was investigated by 
derivative thermogravimetric analysis. The study was based on the measurements of thermal 
degradation temperature for PMMA adsorption amounts below plateau adsorption which 
enhanced the contribution of chains in direct contact with silica.  
Oh et al. suggested the new method of kinetic analysis using a dynamic model which accounts 
for the thermal degradation of the polymer at any time. This model was evaluated from the set 
of measurements of different types of polyethylene by the conventional nonisothermal 
termogravimetric technique at several heating rates. Reliable values of kinetic parameter were 
calculated from the new dynamic method [46].  
The chemiluminescence technique was used for investigation of the thermooxidative stability 
of commercial polymer optical fibres and their components with core from PMMA and 
claddings. First the fibres were exposed to 100 °C at low humidity for about 4200 hours. 
Chemiluminescence technique was applied for investigation of thermooxidative stability and 
for measuring of the transmission loss during exposure. The thermooxidative stability differed 
for the fibres due to the different chemical compositions of claddings. The thermooxidative 
degradation of polymer optical fibres was a results of climatic exposure [47].  
De Paoli et al. studied the thermo-mechanical and thermooxidative degradation mechanism of 
bottle-grade poly(ethylene terephthalate) by NMR and by MALDI-TOF MS. During the 
thermooxidative degradation they observed increase of low molar mass product concentration 
as s function of heating time [48].  
In work [49], the thermal degradation of acrylonitrile-butadien-styrene/single-wallet carbon 
nanotube composites under the static air and nitrogen was studied. The studied samples 
contained different weight amount of carbon nanotubes. The degradation studies were 
performed by means of thermogravimetric and differential thermal analysis. It was observed a 
two-step degradation of ABS. The stabilization effect of SWNTs was lower and the 
composites began to degrade at lower concentration. It was stated that it is necessary to select 
the right concentration of SWNTs to improve the stabilization of ABS composites. 
In article [50], the thermal oxidative degradation kinetics of polypropylene nanocomposites 
with different fillers was investigated. The early suggested methods such as Kissinger [29], 
Friedman [40] and Flynn-Wall-Ozawa [21] showed their applicability for evaluation of 
kinetics of thermal oxidative degradation. The obtained results confirmed that the thermal 
oxidative degradation of studied composites was a complex reaction.  
The thermooxidative degradation is also connected to crystallization and melting behavior of 
PP/CaCO3 nanocomposites. These problems were studied by means of DSC and X-ray 
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diffraction in [51]. The obtained results indicated that addition of nano-CaCO3 significantly 
decreased the oxidation induction time of PP. The thermooxidative degradation caused 
decrease of melting temperature and the increase of crystallinity of PP due to the 
crystallization.  
Galeski investigated the thermooxidative and thermal stability of polypropylene 
nanocomposite with fully exfoliated montmorillonite by simultaneous measurements of DSC 
and TGA. It was concluded that the lower sensibility to thermal oxidation of nanocomposites 
correlates with lower permeability resulting from an increased diffusion path for oxygen as 
well as for volatile decomposition products [52]. 
In work [53], authors studied the effect of components on the stability of polypropylene/ 
layered silicate nanocomposites.  The samples were prepared by internal mixer at 190 °C. The 
stability examinations were done at different mixing speed and time. Prepared samples were 
characterized by various methods such as scanning electron microscopy, rheological 
measurements while stability was investigated by the induction time of oxidation, the onset 
temperature of degradation (DSC measurements) and by color according to the ASTM D 
1925 standard. From the experiments they concluded that both components of composites 
accelerate degradation during processing and deteriorate the properties of these composites. 
The increasing amount of both components caused the decreasing of residual stability and 
viscosity. The discoloration was due to the inherent color of the filler and decreased with 
increasing exfoliation.  
The authors of work [54] examined the long-term thermooxidative aging in composite 
materials from the point of view of the failure mechanisms. The investigated materials were 
two carbon-fiber-reinforced epoxy materials – toughened one and standard one. Their work 
focused on the mechanism of degradation in composite structure to determine the roles of 
matrix, fiber and interface on the aging behaviors. The examination of aged specimens was 
done by means of scanning electron microscopy which revealed the degradation regions close 
to composite surface or edges and the mass loss estimated by TGA. It was concluded that the 
oxidative diffusion mechanism dominated the degradation process. In conclusion, this study 
revealed the importance of matrix and interface degradation, matrix toughness etc. in the 
thermooxidative aging of polymeric composites.  
The influence of TiO2 nanoparticles on the thermal degradation of PMMA was investigated 
by using TGA in ref. [55]. The studied nanocomposite specimens were prepared by melt 
blending with PMMA with different TiO2 amounts and characterized by other analytical 
methods such as SEM, TGA-MS. The TGA results and the activation energy were estimated 
using the model-free isoconversional method of Vyazovkin [28], [30], [31]. TiO2 
nanoparticles outstandingly improved the thermal stability of PMMA. The catalytic role of 
TiO2 on the PMMA degradation was observed from the kinetic analysis of TGA. This effect 
also influenced the production of degradation products such as methanol, methacrylic acid 
etc.  
In work [14], Münstedt et al. studied the thermal stability of PMMA filled with silicon 
dioxide particles (different size) using dynamic-mechanical experiments, i.e. rheological test. 
Thermal stability was deduced from the measured storage modules. They concluded that neat 
PMMA degrades at lower temperature in comparison to PMMA/silica composites. 
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2.7.3 The mechanism of thermooxidation 
The effect of slightly increased temperature on the polymer materials and composites is 
accompanied by the effect of atmospheric oxygen in their practical use. The thermal oxidation 
depends on factors such as oxygen pressure, temperature, initiation rate, sample compositions 
and their supermolecular structure, and the manufacturing process. The thermal oxidation 
occurs autocatalytically by a radical mechanism with free radicals or molecules. The initiation 
stage consists of decomposition or other reactions of the hydroperoxide groups from primary 
products to produce carbonyl and hydroxyl groups [8]. The overall process of 
thermooxidative degradation of polymer material is exothermal. If the thermal oxidation is 
investigated by the DSC and TGA methods, the induction time of oxidation is as the 
intersection of the tangent at the inflection point of the kinetic curve with the abscissa axis. 
The sample weight can increase in the first moments of thermal oxidation due to adsorption of 
oxygen and decrease in the advanced stages of the process due to the elimination of volatile 
degradation products [56].  
 
2.8 Study of thermooxidative stability and degradation by using of induction 
period 
The polymer materials are subject aging by influence of external effects during their service 
life. The aging is possible to slow down by the additives or stabilisers. These chemical agents 
change the degradations mechanism by slowing down the initial chain reactions [1], [8], [10]. 
Polymeric materials and composites are mostly stabilized against the effect of oxygen, heat, 
light or radiation. The stabilizers are then called as antioxidants, processing stabilizers or 
photostabilizators [1], [8], [10]. By the combination of oxygen as the reactant and heat as the 
energy sources, material can become more degradable. The oxidation is exothermic process 
which is associated with the releasing of heat and also connected to mass changes. The rates 
of degradation processes under the real application conditions are usually very slow [10]. 
Hence the studied samples are mostly subjected to an accelerated test under the standardized 
conditions to estimate the stability of materials. The heating can serve as accelerator of 
thermooxidative degradation of material. The method for investigation of stability is mostly 
based on standard technique and protocols from International Organization for 
Standardisation (ISO) [57] or Institution such as American Society for Testing and Materials 
(ASTM) [58]. 
The accelerated tests of degradation are based on the extrapolation of kinetic data to the 
application conditions. Šimon et al. suggested the procedure for the extrapolation of 
accelerated thermooxidative ageing test to lower temperatures based on the single-step 
kinetics approximations [38], [59]. The low-temperature kinetic parameters used in this 
method provide much more reasonable estimates of the induction periods. This method has 
the drawback in the requirement of very low heating rates which makes it quite time 
consuming. Finally, it allows estimating of the more realistic service life time [59].  In work 
[60], Šimon et al. studied thermooxidative stability of poly(methyl methacrylate) containing 
nanoparticles of silica/titania and silica/zirconia. Thermoxidative experiments were based on 
non-isothermal thermogravimetry which served for determination of kinetic parameters 
describing the length of oxidation induction period (from dependence of oxidation onset 
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temperature on heating rate) and the protection factors. Both types of nanoparticles had 
stabilizing effect on thermooxidative behavior of PMMA.  
The resistance of polymer materials and composites against thermooxidation can be estimated 
by method of oxidation induction time or temperature. The oxidation processes occurring in 
the condensed phase exhibit an induction period (IP) where seemingly no chemical reactions 
take place. Induction period is a stage preceding the main oxidation stage. The induction 
period is estimated in the moment when sudden increase in the rate of oxidation appears.  At 
the end of IP there is also the change in material characteristics. The length of IP is often 
considered as a relative measure of material stability. The processes occurring during the IP 
are invisible for used experimental techniques used. Only one point detected by the 
instruments during the IP is end of IP. The end of IP is determined indirectly by method of 
oxidation induction time or temperature. It is estimated time or temperature of a sudden 
increase in the rate of the main oxidation stage. By using of isothermal measurement it is the 
oxidation induction time (OIT), in case of measurement with linear heating it is oxidation 
onset temperature (OOT). The TGA serves both method for compositional analyse and 
technique for prediction of the lifetime of material under specific conditions [61].  
The determination of IP is based on the reaction kinetics in condensed phases, for example on 
isoconversional methods. As for all isoconversional methods, it is assumed that conversion    
is always the same irrespective of the temperature regime employed during ageing stress. The 
calculation of IP uses the general kinetic equation (8) in the combination with Arrhenius 
temperature function of rate constant (24) or with non-Arrhenius  temperature function of rate 
constants (25), (26).   
If the variables in the equation (8) are separated and do any mathematical adjustments, it is 
obtained 
  ∫
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Combinations of equations (27) and (24), or (27) and (25) and finally (27) and (26) lead to the 
equation: 
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The parameter   in equations (28), (29), (30) is expressed as: 
    
         
  
 (31) 
 
Equations (28), (29), (30) represent three different methods of expressing the length of IP in 
the dependence on temperature function of rate constant. The equations (28), (29), (30) can be 
used for all temperature regimes and allow to calculate the time at which the fixed 
conversion   , corresponding to the end of IP, is reached [61]. 
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2.8.1 Induction period under the isothermal conditions 
The determination of IP under the isothermal conditions means that the temperature is 
constant thus the denominator in the equations (28), (29) and (30) are constant. After the 
integration of these equations the numerator equals to    and it represents the oxidation 
induction time. 
       
(
 
 
)
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Equations represent three different ways of estimation the dependence of the oxidation 
induction time (OIT) on the temperature in the case of isothermal measurements. The form of 
the dependence of the OIT is chosen according to the temperature function of rate constant. 
All kinetic parameters are obtained from the series of the isothermal measurements or from 
their linearized logarithmic transformations [61]. 
 
2.8.2 Induction period at linear heating 
The processes occurring during IP are not registered hence neither their rate nor the 
dependence of conversion on time/temperature can be observed. It can be observed only the 
end of the induction periods. Consequently, this is reason why the differential and incremental 
isoconversional methods cannot be used for the kinetic descriptions of induction period at the 
linear heating [61], [62]. 
After carrying out the transformation between time and temperature in the equation (28) and 
(35), (29) and (36), (30) and (37) and after the integration equations (35) can be obtained, 
(36), (37), where    is the temperature at which the fixed conversion    is reached. This 
temperature represents oxidation onset temperature. 
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Equation (35), (36) and (37) are the inverse forms of the dependences of oxidation onset 
temperature on heating rate in the case of measurements with linear heating. It is also seen 
that the increasing heating rates causes increase of oxidation onset temperature. The equations 
for the evaluation of OOT are chosen according to the used temperature function of rate 
constant.  
The OOT dependent on heating rate can be directly obtained from equations (36) and (37) by: 
     [       ]
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In work [63], Šimon suggested the procedure of obtaining temperature function from the 
observed dependence of isoconversional temperature on heating rate. It was used for material 
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stability prediction applying this new non-Arrhenian temperature function [41]. This new 
temperature function came from the single-step approximation which assumed that the rate of 
the complex multi-step condensed-phase process (See Equation (8). After the separation of 
variables and some manipulation of (8) it is obtained:  
 ∫
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 (40) 
By integration and some rearrangements: 
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The equation (41) allows evaluation of the induction period for any temperature regime, 
especially for constant heating rate vs. temperature relationship is given as    
  
 
. The 
equation (41) can be rewritten as (42), where   is heating rate.  
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The method for obtaining of the temperature function from an observed dependence of 
isoconversional temperature on heating is done by reverse procedure than deriving of (42). 
After the differentiation of (42) we get (43), where       is the temperature function at    : 
 
  
   
 
     
          
 (43) 
 
Because the isoconversional temperature    is function of  , it is necessary to do 
differentiation of the inverse function as (44), where         is the isoconversion time at 
temperature   : 
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In case of degradation of materials, it is observed that the dependence of         can be 
described by the function (45), where    is the isoconversional temperature at an infinite 
heating rate and   is an adjustable parameter.  
       (   
[   ]) (45) 
Applying of (45) into the (44), it is obtained: 
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Then the heating rate is expressed from (45) as: 
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The final form of temperature function of rate constant which responds to the observed 
dependence given by (45) can be obtained from equations (43), (46) and (47): 
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The final temperature dependence of the isoconversional time (49) is obtained from (46), 
where    and   are adjustable parameters and they are obtained from the treatments of 
experimental dependence         using (45) [63]. 
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3. AIM OF THE WORK 
The aim of this work is to test the thermooxidative stability of PMMA composites prepared 
from silica nano and micro particles, by performing the experiments at different heating rates 
and calculating the induction periods using isoconversional methods. The isoconversional 
approach can be applied for various temperature functions; therefore, it is a task to find the 
most appropriate temperature function useful for analysis of PMMA degradation. Last but not 
least the effect of volume fraction, particles size, interrelation of oxygen and silica or PMMA 
will be discussed with respect to determined stabilities. 
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4. EXPERIMENTAL PART 
4.1 PMMA/silica composites 
The preparation protocol [9] of the master mixtures is as follows: silica filler was dispersed in 
a solvent consisted of acetone and toluene in the volume ratio of 1:1. Required amount of 
dispersed filler was stirred by sonication for 1 hour. Meanwhile a certain amount of polymer 
matrix was dissolved and added to the filler mixture. Then master mixture was stirred by 
sonication for a next 1 hour. Prepared composite mixture was poured on the aluminum sheets 
at room temperature and dried for 4 hours at 80 °C in order to evaporate the used solvent. 
Then, composite sheets were milled and dried at 140 °C for 1 hour. Prepared composite 
mixture was compression moulded at 180 °C for 4 minutes. The thickness of prepared 
composited plate was 0.5 mm. Composites plates were cooled to room temperature 
immediately. Detailed information on analysed PMMA composites can be found in reference 
[9]. The concentration and size of particles in PMMA is listed in Table 4. In Table 4, the 
percentages are given as volume percentages.  
 
Table 4 Studied samples 
Sample 
Identification of samples in 
figures, tables 
PMMA, 10 %, 10 m silica sample 1 
PMMA 10 %, 5 m silica sample 2 
PMMA 10 %, 7 nm silica sample 3 
PMMA 2.5 %, 7 nm silica sample 4 
PMMA 20 %, 10 m silica sample 5 
PMMA 20 %, 5 m silica sample 6 
PMMA 5 %, 10 m silica sample 7 
PMMA 5 %, 5 m silica sample 8 
PMMA 5  %, 7 nm silica sample 9 
Neat PMMA sample 10 
 
4.2 Thermogravimetric analysis of composite specimens 
Thermogravimetric Analyzer Q500, V 20.10 Build 36 (TA Instrument) was employed to 
study the thermooxidative stability of PMMA/silica composites. Samples, typically several 
miligrams, were placed on standard platinum pans. The pans with samples were linearly 
heated (0.5, 1, 3, 5, 7, 10 and 15 °C/min). The measurements were performed in the 
temperature range from laboratory temperature to 500 °C. The purge gas forming the reaction 
atmosphere was air; its flow rate was 180 mL/min. The collected data were evaluated using 
TA Instrument Universal Analysis 2000.  
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5. RESULTS AND DISCUSSION 
The combination of oxygen as the reactant and heat as the energy source is a major factor in 
material degradation. In this work, the thermooxidative stability of PMMA composites with 
different volume fractions and particle sizes of silica were examined. Prepared sample were 
investigated by thermogravimetry (TGA) which simulated the conditions of thermooxidative 
degradation (air atmosphere) at elevated temperatures. Thermoanalytical experiments were 
based on the application of different heating rates. In Figure 8, the dependence of mass 
change on the temperature is plotted for different heating rates. The back lines illustrate the 
evaluation of onset temperatures of oxidation directly from thermogravimetric curves.  
 
Figure 8 Comparison of thermogravimetric curves at obtained at different heating rates for 
sample 1 
 
As it can be seen the oxidation onset temperatures increase with increasing heating rates of 
thermooxidative reaction. The dependence of onset temperature confirms the fact that the 
examined process is of kinetic nature and is connected with the stability of the whole PMMA 
structure. Figure 8 shows a small mass loss at lower temperature which can be attributed to 
the release of trapped solvents and traces of moisture. This hypothesis is supported by the fact 
that glass transition of neat PMMA is around 105 °C [10]; despite the drying of the sample 
above this temperature during sample preparation, some residual content of solvents can resist 
in the PMMA structure [64], [65]. Small mass loss is followed by the second process 
associated with intensive mass change connected with thermooxidative degradation of 
PMMA structure (Figure 8). The onset temperatures, i.e. degradation temperature for all 
samples at different heating rates are listed in Table 5. As it can be seen in Table 5, due to 
technical difficulties it was not possible to evaluate all the oxidation onset temperatures.  
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Table 5 Oxidation onset temperature, i.e. degradation temperature of all samples at different 
heating rates  
Sample 
Oxidation onset temperature T [°C] at heating rate  [°C/min] 
0,5 1 3 5 7 10 15 
sample 1 265 278 288 294 304 307 314 
sample 2 n.d. 255 277 282 286 289 293 
sample 3 278 286 307 317 324 331 337 
sample 4 273 284 296 304 311 319 326 
sample 5 264 273 286 293 298 300 314 
sample 6 276 278 301 310. n.d. n.d. 324 
sample 7 262 270 285 289 297 303 n.d. 
sample 8 253 259 270 279 282 n.d. 288 
sample 9 275 284 300 310 316 324 329 
sample 10 284 294 307 311 n.d. 326 n.d. 
 
In Table 5, there can be seen the increases of degradation temperature with increasing heating 
rate. Indeed, degradation processes of all samples at all heating rates occurred in the 
temperature range from 250 – 350 °C. It is clear that the thermooxidative degradation is 
affected by different volume fractions and particle sizes of silica present in samples. Figure 12 
clearly shows that degradation temperature is the greatest for sample with 7 nm silica particles 
for all volume fractions. In Figure 9, there are plotted degradation temperatures at different 
heating rate from the point of mass fraction of silica particles (10 volume faction) in 
comparison with neat PMMA (sample 10). Figure 10 demonstrates that the samples with 
same volume fractions filled with different size of silica particles have the same dependence 
of degradation temperatures on heating rates. For instance in Figure 9, sample 2 degraded at 
the lowest temperatures while the sample 3 and sample 10 have very similar and higher 
degradation temperatures at all heating rates. It seems that the degradation is independent of 
volume fraction of silica particles in studied samples, but it is dependent on size of silica 
particles with the same volume fraction.  
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Figure 9 Dependence of degradation temperature on heating rate for samples with 10 % silica 
and neat PMMA 
 
 
Figure 10 Dependence of degradation temperature on heating rate for samples with 10 m 
size of silica and neat PMMA 
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Figures 10 - 13 illustrate the dependences of degradation temperatures on heating rates for all 
samples in case of different sizes of silica particles used in composites. Figure 10 indicates 
that 10 m silica particles in composites with different content support the degradation of 
PMMA and this degradation is not dependent on their amount in material.  
In case of 5 m silica particles in PMMA composites, the situation seems to be different 
(Figure 11). The degradation temperature is almost the same for sample 6 and neat PMMA 
which means that the 5m silica particles in higher amounts in composites stabilize the 
PMMA. The decreasing amount of 5m silica particles in composites causes the decrease in 
degradation temperatures.  
 
Figure 11 Dependence of degradation temperature on heating rate for samples with 5 m size 
of silica and neat PMMA 
 
Silica particles in nanometer size show completely different results than silica particles in 
micrometre size (Figure 12). The degradation temperatures are almost the same as for neat 
PMMA (sample 10) and are independent of amount of silica particles in PMMA composites. 
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Figure 12 Dependence of degradation temperature on heating rate for samples with 7 nm size 
of silica and neat PMMA 
 
Figure 13 illustrates the dependence of oxidation onset temperature of oxidation as a function 
of heating rate and its fitting by equation (39). As it can be seen, there is the close agreement 
between the fitted and experimental values of onset oxidation temperatures for individual 
heating rates.  
 
Figure 13 Experimental (points) and fitted (red full lines) values of onset temperature of 
oxidation as a function of the heating rate for sample 3 
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All experimental data i.e. oxidation onset temperatures (Table 5) were fitted using equations 
based different temperature functions (35), (38), (39), (45) and the adjustable kinetic 
parameters were determined. The adjustable Arrhenius parameters A and B in equation (35) 
have been obtained by the program KINPAR developed by Šimon et al. [66]. The algorithm 
of this program is based on minimization of the squared deviation between experimental and 
theoretical values of oxidation onset temperature for various rates by the simplex method. The 
non-Arrhenius parameters A and m in (38)(36), A and D in (39) and T∞ and a in (45) were 
obtained by non-linear fitting procedure. These fitting procedures were performed by program 
Origin. The kinetic parameters obtained by those procedures are listed in Table 6.  
 
Table 6 Values of the kinetic parameters describing the length of the oxidation induction 
period of different temperature functions of PMMA/silica composites 
Sample 
Kinetic parameters of temperature functions 
A 
[min] 
B 
[K] 
A 
[min] 
D 
[K
-1
] 
A 
[min] 
m 
[-] 
T∞ 
[K] 
a 
[-] 
sample 1 1.8 × 10-16 2.1 × 104 2.5 × 1017 0.07 3.1 × 10109 39.5 868 0.04 
sample 2 1.3 × 10-13 1.7 × 104 4.0 × 1017 0.07 3.1 × 1095 34.6 841 0.05 
sample 3 1.6 × 10-13 1.8 × 104 5.8 × 1014 0.06 3.1 × 1085 30.6 888 0.06 
sample 4 2.0 × 10-15 2.0 × 104 1.7 × 1017 0.07 3.1 × 10105 38.0 880 0.05 
sample 5 1.7 × 10-16 2.1 × 104 2.3 × 1018 0.07 3.1 × 10118 42.8 862 0.04 
sample 6 2.0 × 10-13 1.7 × 104 1.0 × 1017 0.07 3.1 × 10100 36.2 880 0.05 
sample 7 7.3 × 10-17 2.1 × 104 4.6 × 1018 0.07 3.1 × 10118 42.9 861 0.04 
sample 8 4.1 × 10-14 1.7 × 104 2.7 × 1022 0.09 3.1 × 10130 47.4 844 0.03 
sample 9 1.6 × 10-13 1.8 × 104 1.8 × 1016 0.06 3.1 × 10100 36.1 883 0.05 
sample 10 1.5 × 10-17 2.3 × 104 6.4 × 1019 0.08 3.1 × 10118 42.6 896 0.04 
 
It is quite obvious that obtained parameters do not have any physical meaning ([40], [63]) but 
represent only the points on the hypersurface of conversion, temperature and time [38], [60], 
[63]. However, they can be used for modelling of life time of studied material without 
knowing the degradation mechanisms [38], [40] [41], [61], [63]. Thus, those parameters 
(Table 6) were used for calculation of induction periods using equations (32), (33), (34) and 
(49), respectively. The lengths of oxidation induction periods have been calculated for 
temperatures ranging from 0 to 100 °C. Figure 14 shows the dependence of calculated 
oxidation induction time in chosen temperature range. It is clear that the Arrhenius function is 
not suitable for calculation of oxidation induction time because the values of oxidation 
induction time provide unrealistic data. Therefore, kinetic equation based on the Arrhenius 
temperature function cannot be used for prediction of stability of studied samples. This is in 
line with references [61], [62], [63], in which authors made the same conclusions for 
polyolefines. Other non-Arrhenius temperature functions (Figure 14) have similar temperature 
dependences of oxidation induction time. The best function for calculation of oxidation 
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induction time seems to be the function (39) with parameters A and D since it gives the 
lowest oxidation induction times. However, there values are still very high and rather 
unrealistic mainly at lower temperatures. Similar temperature dependences of oxidation 
induction time were obtained for all studied samples.  
 
Figure 14 Dependence of calculated induction oxidation time (period) on temperature for all 
temperature functions for sample 1 
 
The temperature range of accelerated TGA tests for prediction of stability differ from the 
temperature range where the stability of PMMA should be predicted. The change of 
temperature can lead to the change in the reaction mechanism which means the change to 
(unknown) conversion functions. Ad this can be the reason of unrealistic estimations. This 
problem can be avoided using the ratio of length of induction periods of stabilized and non-
stabilized PMMA because it is expectable that the same structural units are responsible for the 
degradation both in stabilized and non-stabilized PMMA, [60], [67]. This so-called protection 
factor (PF) is expressed as: 
    
                          
         
 , (50) 
where                            is the lenght of induction period of PMMA/silica 
composite and            is the lenghts of induction periods of neat PMMA. If the obtained 
value of PF is greater than one, the additive (such as filler in composite structure) has a 
stabilizing effect on the polymer. Contrariwise, the additive exhibits a destabilizing effect. 
The higher values of PF represent the antioxidant effectiveness of the additive [67]. 
The length of induction period depends on the temperature as it is given in the equations (32), 
(33), (34), and (49) hence, the protection factor depends on the temperature as well.  
As it was above-mentioned, the kinetic function (39) seems to be the most suitable function 
for describing degradation mechanism from equations used in this work but may be still not 
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the best one. One of the main problems in this case can be the fact that thermooxidative 
degradation occurs at temperatures above glass transition while the prediction is calculated for 
temperatures below this temperature. The mobility of polymer segments is significantly 
different which effect physical properties of PMMA and its composites.   
Figure 15 reports dependences of protection factor on temperature in the range 0 – 100 °C.  
All figures (Figure 15) show that the protection factors are not very dependent on the volume 
faction and the curves have the similar patterns. Any of obtained protection factors (Figure 
15) did not reached value greater than one, thus the silica particles do not have stabilizing 
effect on PMMA. In our case, the silica particles exhibit a destabilizing effect on PMMA.  
 
 Figure 15 Dependence of protection factor on temperature for (39) for all samples except 8 
 
The zoomed Figure 16 and Figure 17 summarize influence of size of silica particles in studied 
sample on the protection factor. The protection factor by the sample with 7 nm size of silica 
increase exponentially, while by the samples with 10 m and 5 m (not zoomed here) silica 
size increase linearly in the range of temperatures.  
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Figure 16 Dependence of protection factor on temperature for  (39) for samples with 10 m 
silica particles 
 
 
Figure 17 Dependence of protection factor on temperature for (39) for samples with 7 nm 
silica particles 
 
It was above-mentioned that several scientific works ([14], [16], [17], [43], [45]) dealt with 
the thermal degradation of polymers filled with silica particles in micrometers and nanometr 
sizes when the different experimental methods were used. Most of thermogravimetric 
measurements were carried out in nitrogen atmosphere, i.e. inert atmosphere which simulated 
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only thermal but not the thermooxidative conditions. Measurements in nitrogen atmosphere 
were used to get information about the decomposition temperatures and the nature of main 
degradation processes. Most of results obtained from thermogravimetric studies of 
PMMA/silica composites showed stabilization effect of silica particles on polymer, i.e. the 
increase in degradation temperatures. As previously mentioned, silica is a substance of acidic 
and hydrophilic characters and contains both silanol and siloxane groups on its surface. The 
silanol groups occurring on silica surface induce the low external porosity while the siloxane 
bridges are subject to condensation of free silanol groups at elevated temperatures. Therefore, 
this thermal stabilization is mainly caused by the interaction of silanol groups on SiO2 surface 
and carbonyl group of PMMA [68], [69]. 
Oxidation is autocatalytic process, i.e. formation of hydroperoxides and other products 
initiating radical chain reactions are the catalysts of this reaction [10]. Thermooxidative 
stability of polymer can be determined, for example, using induction period as the oxidation 
induction time or temperature. In principle, physical properties of a material are suddenly 
changed at the end of the induction period. In our case the situation is complicated by 
simultaneous oxidation and occurrence of depolymerisation processes [60]. Essentially, 
thermooxidative degradation is caused by combination of the elevated temperature and 
oxygen. The resistance of polymers against oxygen attack is significantly influenced by 
diffusion of oxygen in polymers. PMMA undergoes oxidation only at very high temperatures. 
From our results it can be concluded that the oxygen and elevated temperature destabilize the 
PMMA/silica composites at lower temperatures than neat PMMA. The main reason of 
thermooxidative degradation of PMMA/silica could be the interaction of oxygen and silica 
particles which support the formation of hydroperoxides and the same time suppresses the 
interaction of PMMA and silica particles [10], [60].  
According to [17], the thermal stability (in nitrogen or air atmosphere) of nanocomposites 
film from PMMA and silica is not enhanced with the addition of silica particles. The authors 
concluded that incorporation of nanosilica particles into the PMMA polymer did not change 
the degradation mechanism of the polymer. The use of oxide nanoparticles and organoclays 
on thermooxidative stability of PMMA were examined by TGA in reference [70]. In samples 
of PMMA filled with TiO2 and Fe2O3 the thermooxidative degradation was significantly 
enhanced while the onset temperatures of organoclays-PMMA composites were lower than 
for pure PMMA itself. This was ascribed to the lower oxidation onset temperature of 
organoclays which was the natural montmorillonite modified with dimethyldihydrogenated 
tallow ammonium salt. Similar result was obtained in reference [43] where the dispersed SiO2 
(different mass fractions and particle sizes) acted as an inhibitor of thermal degradation of 
PMMA. The maximum degradation temperature values increased with decreasing particle 
size. In case of decreasing particle size, particles prefer to form aggregates, while in case of 
increase in particle fraction it is harder to achieve the homogenous dispersion. The 
degradation can be promoted by increasing of the specific surface area of SiO2 particles. 
Chrissafis [71] showed both positive and negative effects of different types of nanoparticles 
on polymer stability. He pointed out that influence of nanoparticles on stability depends on 
the method of composite preparation, surface treatment of particles, their mass fraction, 
degradation mechanism etc. He also concluded that the accelerating of degradation can be 
caused by the presence of hydroxyl groups on the edges of the clay, the existence of active 
catalytic sides or forming of protonated silicates. . It was explained that the nanoparticles 
Thermooxidative stability of PMMA composites 
49 
content is crucial for polymer decomposition. In most cases the thermal stability is enhanced 
at low mass fraction of nanoparticles (4 – 5 wt %) while it becomes progressively lower at 
higher concentration. The main reason is the formation of aggregates and thus the effective 
area of nanoparticles in contact with polymer macromolecular is lower [70]. Generally, 
oxidation process is also supported by presence of silica particles in studied composites. The 
destabilization effect of silica particles in PMMA is connected to amount of silica in 
composites [13]. The oxidation onset temperatures are shifted to higher temperatures in 
composites up to 20 wt% silica but if the amount of silica particles is over 20 wt%, there is 
obvious strong increase in the rate of random scission initiation [54].  
The degradation of PMMA/silica composites can be affected by the oxygen which diffused 
into the composite material and its amount was adsorbed on the surface of silica particles in 
the comparison with neat PMMA. Therefore the thermooxidative degradation in 
PMMA/silica particles occurs at lower temperatures than in case of neat PMMA [72]. In work 
[73], PMMA aging in dynamic oxygen in comparison with nitrogen atmosphere is lower due 
to the branched chain nature of oxidation process. If PMMA is a subject of the attack of 
oxygen atmosphere at elevated temperature, this branched chain reaction of polymer 
oxidation takes place. The other reason of destabilization effect of silica and oxygen in 
PMMA could be better diffusion of oxygen and the rate of oxidative degradation. This is 
confirmed by derivative thermogravimetric curves of neat PMMA and PMMA/silica 
composites when bigger derivative is observed by PMMA/silica composites (results not 
shown). Due to experimental conditions, the part of sample which is near the surface is 
degrading oxidative while the rest of the sample is usually degrading thermally [64]. 
However, if the PMMA/silica samples are not homogenous (unlike to neat PMMA), the 
thermooxidative degradation could be a main driven force of degradation in whole structure 
[64]. According to [9], nanoparticles greatly reduce chain mobility and the post-yield 
behavior of nanocomposites is dependent on thermal history of the sample. To increase the 
chain mobility an additional amount of free volume is required. The free space could be 
obtained by addition of the micro and nanoparticles which support the formation of the 
incompact structure. The oxygen can go through the particulate composite more freely and 
faster and can react with larger surface of material supporting faster degradation of the 
polymer material.  
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6. CONCLUSION 
In this work the thermooxidative stability of poly(methyl metacrylate) composites reinforced 
with silica nano- and micro- particles was studied. The PMMA composite samples differed in 
volume fractions and particles sizes of silica particles.  The thermooxidative degradation tests 
were simulated by thermogravimetry followed by the application of isoconversional methods 
allowing the calculation of the induction periods. The dependence of degradation 
temperatures on heating rates served for the determination of adjustable parameters derived 
for four different temperature functions allowing the prediction of material stability (induction 
periods) at chosen range of temperatures.  
The oxidation onset temperatures of prepared specimens were evaluated from 
thermogravimetric curves and increased with increasing heating rate. This dependence 
confirmed the fact that this thermooxidative test has kinetic nature and it is connected with the 
stability of whole PMMA structure. Most of studied samples have lower values of 
degradation temperatures in comparison with neat PMMA. Only the samples with nanoscale 
silica particles have almost same degradation temperatures as neat PMMA. 
The obtained oxidation onset temperatures at heating rates were fitted using four different 
equations based on four different temperatures functions serving for prediction of stability 
behaviour of samples and the adjustable parameters were calculated. These parameters were 
used for calculation of oxidation induction period. The function (39) gave the lowest 
oxidation induction time but obtained stabilities were still rather unrealistic mainly at low 
temperatures. Therefore the protection factor was used, i.e. the ratio of lengths of induction 
periods of stabilized and non-stabilized PMMA in chosen temperature range. However, none 
of composites reached values greater than one which confirmed a destabilizing effect of silica 
particles on PMMA.  
The possible reasons for support of thermooxidiative degradation of PMMA/silica composites 
could be better permeability and diffusion of oxygen in composites, the priority of interaction 
of oxygen and silica particles prior to silica particles and PMMA, inhomogenous 
PMMA/silica composites when the nearer part of samples to surface degrades oxidative  
while the bulk part degrades thermally. 
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8. LIST OF SYMBOLS 
A preexponential factor 
A activation parameter 
B activation parameter 
D adjustable parameter of o non-Arrhenius function 
E activation energy 
H enthalpy 
k rate constant 
m adjustable parameter of o non-Arrhenius function 
R gas constant 
t time 
T temperature 
Tc crystallization temperature 
Tf freezing point 
Tg glass transition temperature 
ti oxidation induction period 
Tm melting temperature 
Xc crystallinity degree 
 conversion 
  heating rate 
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9. LIST OF ABBREVIANCES 
ASTM American Society for Testing and Materials 
CL Isothermal Chemiluminescence 
DMA Dynamic mechanical analysis 
DSC 
 
Dynamic scanning calorimetry 
DTA differential thermal analysis 
DTG Derivative thermogravimetry 
FRC Fibre reinforced composites 
FTIR Fourier Transform Infrared Spectroscopy 
ISO International Organization for Standardisation 
IP Induction period 
MALDI-TOF MS Matrix-Assisted Laser Desorption Ionization Time-of-flight Mass Spectroscopy 
OIT Oxidation induction time 
OOT Oxidation onset  temperature 
PC  Polycarbonates 
PE Polyethylene 
PET Polyethlyene terephthalate 
PFC (PRC) Particle filled composites (particle reinforced composites) 
PF Protection factor 
PMMA Poly(methyl methacrylate) 
PP Polypropylene 
PS Polystyrene 
SEM Scannig Electron Microscopy 
TA Thermal analysis 
TEM Transmission electron microscopy 
TGA Thermogravimetric analyse (thermogravimetry) 
TCH Cross polarization times 
TMA thermomechanical analysis 
UV-radiation Ultraviolet radiation 
X-radiation X-ray radiation 
XRD X-ray diffractometry 
 
